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INTRODUCTION

The High Energy Plasma Division of the Weapons Laboratory (WL/AWX) was tasked
to find out the parameters of a plasma beam produced by the General Research
Corporation (GRC), Santa Barbara, California, plasma gun. An array of
diagnostics was applied to observe electron density, temperature, self-
luminosity, target impact luminosity and effect, magnetic field, and ionic
species identification. These diagnostics included HeNe and CO, laser and
94-GHz microwave interferometers, an Optical Multichannel Analyzer (OMA), a
Cordin gas driven rotating mirror framing camera, three Microchannel Plate
(MCP) gated framing cameras, optical and X-ray photodiodes, and inductive

(loop) magnetic probes.

For 126-uF, 18-kV discharge through the GRC Cheng gun with 30 psig Ar puff

operation, the following plasma beam parameters were observed:

beam mass ~3 to 5 mg
beam kinetic energy ~3.4 to 3.9 kJ
beam momentum ~0.16 N-s
velocity distribution "peak" ~70-80 km/s
electron temperature ~0.5 to 2 eV

dominant ionic species is Si*! for quartz insulator use

A1*', A1*? for alumina insulator use

Other important results include: The plasma beam was self-luminous over a
length ~1.5 to 3 m. Interferometry indicated radial averaged electron
densities ~10' cm™3, consistent with optical spectroscopy data. The plasma
beam diameter was approximately half the tube diameter, i.e., ~10 to 12 cm.
The beam exhibited magnetohydrodynamic (MHD) like instabilities, and was time
correlated with an azimuthal magnetic field consistent with an axial current
~0.5 to 1.5 kA. Faster beam components were sometimes observed, with velocity
distributions typically "peaking" ~250 km/s and sometimes extending to

>500 km/s. Target impact luminosity suggested that the fast beam component
energy was <<l percent of the main beam component energy. Time resolved
target damage observation indicates that it is the slower, main beam component

that does damage, e.g., blowing through a 0.7-pm aluminum (Al) foil.
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INTRODUCTION

The High Energy Plasma Division of the Weapons Laboratory (WL/AWX) was tasked
to find out the parameters of a plasma beam produced by the General Research
Corporation (GRC), Santa Barbara, California, plasma gun. An array of
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luminosity, target impact luminosity and effect, magnetic field, and ionic
species identification. These diagnostics included HeNe and CO, laser and
94-GHz microwave interferometers, an Optical Multichannel Analyzer (OMA), a
Cordin gas driven rotating mirror framing camera, three Microchannel Plate
(MCP) gated framing cameras, optical and X-ray photodiodes, and inductive

(loop) magnetic probes.

For 126-uF, 18-kV discharge through the GRC Cheng gun with 30 psig Ar puff

operation, the following plasma beam parameters were observed:

beam mass ~3 to 5 mg
beam kinctic energy ~3.4 to 3.9 kJ
beam momentum ~0.16 N-s
velocity distribution "peak" ~70-80 km/s
electron temperature ~0.5 to 2 eV

dominant ionic species is Si*!' fecr quartz insulator use

Al*', A1*2 for alumina insulator use

Other important results include: The plasma beam was self-luminous over a
length ~1.5 to 3 m. Interferometry indicated radial averaged electron
densities ~10" cm'3, consistent with optical spectroscopy data. The plasma
beam diameter was approximately half the tube diameter, i.e., ~10 to 12 cm.
The beam exhibited magnetohydrodynamic (MHD) like instabilities, and was time
correlated with an azimuthal magnetic field consistent with an axial current
~0.5 to 1.5 kA. Faster beam components were sometimes observed, with velocitv
distributions typically "peaking" ~250 km/s and sometimes extending to

>500 km/s. Target impact luminosity suggested that the fast beam component
energy was <<l percent of the main beam component energy. Time resolved
target damage observation indicates that it is the slower, main beam component

that does damage, e.g., blowing through a 0.7-pm aluminum (Al) foil.
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FAST PHOTOGRAPHY DATA

Fast photography data were obtained with three different types of fast
cameras: a Cordin model 200 rotating mirror simultaneous framing/streak
camera, three MCP tube cameras, and an old TRW Model ID Image Converter (IC)
camera with framing and streak heads. The Cordin rotating mirror camera takes
24 frames, 0.7 x 0.9 in, recorded on Polaroid (Type 55 or Type 57) or cut film
(Royal X-pan). The Cordin camera speed can be varied from 10,000 to 100 RPS,
corresponding to mirror periods of 100 to 10,000 ps, frame exposure times of
128 ns to 12.8 ps, and start-to-start framing intervals of 125 ns to 12.5 gs.
At the faster speeds, the pneumatically driven Cordin Beryllium (Be) mirror is
driven by Helium (He). At slower speeds, Nitrogen (N) or dry air will
suffice. For these experiments, the Cordin was typically operated wita dry
air, and a mirror period of ~6400 ps, corresponding to a framing i1 terval of
~8 ps, and camera coverage of ~192 ps. For most shots, the mirror period was
recorded and was in the range -6250 to ~6500 ps. For those shots in which the
Cordin camera was used (almost all of them), the Cordin provided the first
trigger. When the mirror reaches a preset speed, a signal (referred to as T,
pulse) is generated and the Fire Pulse Delay (FPD) begins. The time from the
T, pulse to fiusst frame time is ~0.10 periods. The FPD is adjusted so the
luminous event of interest occurs in or after the first frame. For these
experiments, the FPD was typically ~700 ps. The FPD signal is 125 V into

50 0. The T, pulse is 15 V into 10,000 Q. It is possible to add an integral
number of mirror periods to the FPD when long delays are needed, since the
Cordin mirror period does not perceptibly change for many tens of periods.

For these experiments, that was not necessary. The FPD triggered a fast
solenoid operated gas puff valve, which puffed gas into an already charged
coaxial plasma gun. The charged gun typically self-break initiated its
discharge ~80 to 100 ps after the puff valve was triggerel, i.e., ~80 to

100 ys after the FPD signal.

The Cordin camera observation geometry is illustrated in Figure 1 for four
different views, two plasma beam target interaction views and two self-
luminous beam views. A photograph of the Cordin camera is shown in Figure 2.
Eight-microsecond framing and ~200-us streak photographs of the self-luminous

plasma beam are shown in Figures 3 through 9. Figures 3 and 4 show views of
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Figure 1. Cordin camera setup.
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Figure 2. Cordin rotating mirror camera and time
sequence of frames.
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Figure 3. Cordin photograph, Shot 2505, z = 5.7 m,
alumina insulator, Ar operation.
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Figure 4. Cordin photograph, Shot 2506, z = 5.7 m,
quartz insulator, Ar operation.
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Figure 5. Cordin 200-us streak photograph,
Shot 2506.
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Figure 6. Cordin photograph. Shot 2486, z = 5.0 m,
Ar operation, Ar puff tarpget.
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Figure 7. Cordin photograph, Shot 2487, z = 5.0 m,

Ar operation, Ar puff target.
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Figure 9. Cordin photograph, Shot 2492, z = 5.0 m,
He operation, no puff target.
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the beam takeﬁ through the 21-cm inner diameter cylindrical glass drift tube
(Fig. 1d). These photographs are for Shots 2505 (alumina coaxial gun
insulator) and 2506 (quartz coaxial gun insulator). The order of the 24
frames is 8 slanted rows of 3 frames each, starting left to right, top to
bottom, as numbered in Figure 2b. In Figure 3, the beam is first evident in
frame 9 and remains evident through frame 17. It is brightest in frames 10
and 11. There is faint light in the lower right corners of frames 1 and 2,
which is believed to be caused by reflected light from the coaxial gun
discharge. This is consistent with the intended relative timing of the Cordin
camera and the puff valve firing. The central column frames (2, 5, 8, 11, 14,
etc.) are generally brighter than adjacent frames for equal event luminosity.
This systematic effect must be considered when interpreting the photographs.
Another systematic effect is a very sharp luminous line on the axis of the
drift tube for this view. This is an artifact due to reflection from a light
source (such as the plasma beam) further from the coaxial gun than the region
of the drift tube being photographed. This reflection artifact was generated
with a headlight, for example. The true plasma beam is readily evident,
superimposed on this line. The dark line transverse to the drift tube axis
due to the slit for the simultaneous streak photograph. The time interval
between the light from the coaxial gun discharge and the brightest frame (10)
is ~72 ps, corresponding to a peak in the velocity distribution of 7.9 cm/ps
or 79 km/s. (The gun to photographed region distance is 5.7 m.) The beam is
off the drift tube axis in some frames, appearing to oscillate around the
drift tube axis. The walls of the drift tube are themselves luminous,
possibly from reflection and/or return current. As discussed in the section
on magnetic probe data, azimuthal magnetic field consistent with axial
currents of up to 1.5 kA are observed, coinciding with beam luminosity in
space and time. While luminous beam is evident for 9 frames (72 ps), the full
width half maximum (FWHM) of the apparent luminosity is <2 frames (16 us),
indicating that the bulk of the luminosity of the plasma beam is confined to
an axial length of (~7.9 cm/ps) (16 ps) = 126 cm, at least for this shot. The
diameter of the luminous beam is generally less than or on the order of half
the drift tube diameter, or ~10 cm. 1In Figure 4, the first evidence of beam
luminosity is also in frame 9. The beam luminosity persists through frame 20.
The exposure is somewhat brighter, and the beam appears better centered than

in Figure 3, though a simultaneous streak photograph taken for the same shot

13




WL-TR-90-83

(Fig. 5) suggests some transverse beam wandering. The wall luminosity is most
evident in frame 9. It is also evident in the brightest part of the related
streak photograph. These photographs (Figs. 3-5) are typical for this view.

Figures 6 through 9 show Cordin photographs of the self-luminous beam viewed
through the ~50-cm dia spherical glass "cross” at the "5-m" diagnostic
station. Though distorted by the spherical glass, the plasma beam is evident.
Figures 6 through 8 are for argon (Ar) coaxial gun operation (Shots 2486, 2487
and 2488); Figure 9 is for He coaxial gun operation (Shot 2492). 1In Shots -
2486 and 2487, an ~3 to 30-pg Ar gas puff was injected into the 5-m station,

to provide a gas puff impact target for the plasma (or possibly neutral) beam.

This puff target had no obvious effect on the luminous beam. 1In Figures 6

through 8, plasma beam luminosity becomes substantial in frame 13 and persists

for 8 to 10 additional frames. The luminosity FWHM is perhaps 2 frames

(16 ps) or less. There is a small amount of apparently reflected light in

earlier frames. The framing photographs for He operation are similar, but

shifted to earlier time (by about 5 frames = 48 us). This is due largely to a

shorter coaxial gun puff to breakdown delay (58 ps instead of 98 ps for Ar).

Figures 10 through 13 show Cordin photographs of plasma beam target
interaction. Figures 10 and 11 show 8-ps framing photographs of a 45-deg
overhead front view (Fig. la) of a target located 10 m from the coaxial gun.
Reflected light from the coaxial gun discharge is evident in frame 8 for
Figure 10 (Shot 2448, fresh target), and in frames 7 and 8 for Figure 11

(Shot 2449, used target). Target luminosity peaks in frame 24 for both shots
and has become substantial (near peak) in frame 22 for Shot 2448, frame 23 for
Shot 2449. 1f this peak luminosity is interpreted as impact luminosity, the
velocity of the main plasma beam component is -90 km/s for Shot 2448, ~80 km/s
for Shot 2449. Preceding target luminosity drops rapidly as time-of-flight
(TOF) becomes smaller (as inferred velocity becomes larger). From these
photographs, there is no evidence of any impact luminosity from plasma beam
with velocity over 200 km/s. For 100-km/s inferred velocity, the luminosity

is an order of magnitude below peak. -

14
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Figure 10. Cordin photograph. Shot 2448, =z = 10 m,
Ar operation, overhead 45-deg view,
fresh target.
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Figure 11. Cordin photograph, Shot 2449, z = 10 m,
Ar operation, overhead 45-deg view,
used target.
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Figure 12. Cordin photograph, Shot 2538, z = 10 m,
Ar operation, rear direct view, blow-
through target.
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Figure 13. Cordin 200-pus streak photograph,
Shot 2538,

18




WL-TR-90-83

Figures 12 and 13 show 8-us frames and an ~200-us streak of a rear view of a
blow-through target, mounted 10 m from the coaxial gun. While most of the
coaxial gun shots, including those in Figures 3 through 11, were driven by a
126-pF, 18-kV, 20-kJ discharge, Shot 2538 was driven by a 252-pF, 18-kV, 40-kJ
discharge. The gun was operated with Hydrogen (H). As is evident in

Figure 12, the first frame is already luminous. It is believed that the
coaxial gun discharge started during or slightly before the first frame, and
the luminosity is gun discharge light reaching the camera by travelling
between the drift tube and the circular target. The target was a circular
metal plate with a central circular hole covered by 0.7-um-thick Al foil. The
first evidence of foil penetration is in frame 14 (plasma beam TOF = 112 pus,
corresponding to velocity ~90 km/s). This foil is significantly penetrated in
frame 16 (TOF = 128 ps, velocity ~80 km/s).

The MCP cameras used ITT F4111 MCP tubes, which have an 18-mm-dia sensitive
area. These tubes are available from ITT Electro-optics Products Division,
Fort Wayne, Indiana (Dr John Cuny). The MCP input to output voltage is
adjustable from ~200 to ~700 V, with corresponding luminous gain ranging from
~5 to ~10,000. The MCP output to phosphor voltage is ~5 kV. The cathode to
MCP voltage is ~200 V and (in pulsed gated mode) is provided by a small
charged cable discharge, with gate (on) time equal to twice the electrical
length (length divided by two-thirds speed of light) of the cable. The MCP
tube photocathode, used in transmission mode, is type $-20. The phosphor is
type P-20 and is optically coupled via a fiber optic faceplate to pressure
mounted Polaroid film (Type 612). The camera resolution at the film is ~20
line pairs/mm. The camera structure includes a 50-mm, £/1.2 lens and a
biasing and triggering package that requires a 600- to 700-V bias input, a
charged cable connection, and a 10-V trigger input. This package includes a
pot to adjust MCP bias (i.e., gain), batteries, a 5-kV supply, a battery
charging connection, toggle switches for on/off and DC/pulsed mode operation.
The biasing and triggering package were designed and built by Dr Steve Seiler
of R&D Associates, Washington Research Laboratories, Alexandria, Virginia.

To obtain reliable and successful triggering of the MCP cameras, isolation
transformers were used on the 600- to 700-V bias power supplies and inductive
isolators on the bias connections; or 600-V batteries were used. For

triggering, fiber-optic-links or inductive isolators were used.
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A photograph of an MCP camera is shown in Figure 14. The MCP camera views
used are illustrated in Figure 15. Low camera gains (pot setting = 8
corresponding to gain ~60), were typically used, a neutral density (ND) 1.5
filter, and a 45-cm charged cable to get reasonable exposures of the self-
luminous plasma beam. The use of photodiode signals for guidance in choice of

camera trigger timing was important.

Figure 14, Microchannel plate camera.

Some MCP photographs of the plasma beam exiting the coaxial gun muzzle are
shown in Figure 16. The image is contained in a circle 18 mm in diameter.
The bright, irregular circle surrounding the image is due to contact pressure
effects on the Polaroid film, which is pressed into contact with the MCP tube
fiber optic faceplate. The exposed regions outside that circle are due to
light leak. The view is an ~45 deg rear view of the gun muzzle taken through

the cylindrical glass drift tube.

Some MCP photographs of a target illuminated by the plasma beam light are
shown in Figure 17. The target had a complex structure, half anodized and
half shiny Al sheet, with a slit and hole for possible rear diagnostics, and
with a hole in the Al sheet for an ~0.7-pm-thick Al foil covering it. This

20
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COAXIAL PLASMA GUN
PLASMA BEAM

21 cm diameter
GLASS DRIFT TUBE

50 cm diometer
MCP CAMERA GLASS CROSSES

(o) Gun muzzle

PLASMA BEAM

==

,/ | TARGET

§z=10m

MCP CAMERA

(b) Torget ot z = 10 m

A
(o= ==
’z=4.6 m/’ |
| |z=5m

= =
MCP CAMERAS

(c) Self-luminous plasmo beamn

Figure 15. The MCP camera views.
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2441 2444

Figure 16. Some MCP photographs of coaxial gun muzzle emission.

2448 Fresh Target 2450

Used Target

Fipure 17 Some MCP photopraphs of target. z = 10 m. t = 60 uys.
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target was located at 10 m from the plasma gun in an ~50-cm spherical glass
cross connected to the ~2l-cm-dia cylindrical glass drift tube. The view is
an ~45-deg view of the gun side of the target, taken through the glass cross.
The hole for the foil is evident in the used target photograph (Shot 2450) and
is not evident in the fresh target photograph (Shot 2448). These photographs
were taken 60 ps after the plasma gun (self-break) discharge initiated. The
self-break occurred at an approximately reproducible time after the gun puff
valve fired. The MCP camera gate time was monitored with a Tektronix CT-3
signal pickoff. These photographs indicate there is insufficient plasma beam
energy and momentum to damage the foil target prior to 60 pus after the gun
fires. Thus the damaging portion of the plasma beam has a velocity <160 km/s.
This is consistent with Cordin camera data (Figs. 10 and 11), which indicate
that the velocity for the portion of the plasma beam giving rise to the peak
impact luminosity is 80 to 90 km/s.

Some MCP photographs of the self-luminous plasma beam, taken with a perpen-
dicular view through the 21-cm inner dia cylindrical glass drift tube, are
shown in Figure 18. The dark strip transverse to the drift tube axis is a
position marking tape located 2 m from the coaxial gun muzzle. The ~5- to
10-ns exposures were taken at 20 to 30 pus after gun self-break. The times are
indicated for each photograph, as well as the shot numbers and gas used. In
both Figures 18 and 19, the plasma beam appears to have some MHD-like
instabilities. That is, the radial location of the center of the plasma beam
seems to vary with axial position. Recall that 8-ps Cordin framing
photographs (Figs. 3-5) suggested transverse wandering of the plasma beam.

The observed presence of azimuthal magnetic field consistent with up to 1.5 kA
of axial current, combined with this photographic evidence of plasma beam

i stabilities, transverse wandering and oscillation about the drift tube axis,
suggests magnetic field guiding, focusing or cushioning from the drift tube
walls. As discussed in a separate section, the observed fields and inferred
currents are a factor of 3 to 10 low for simple quasi-steady pressure balance

confinement.

Some MCP photographs of the leading edge of the luminous plasma beam, referred
to as beamheads were obtained. These are shown in Figure 20. The MCP photo-

graphs of plasma beams generated by a plasma gun with an alumina insulator
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2495 He 2 m, 30 us

2509 Ar 2 m, 30 ps

2511 Ar 2 m, 25 us

2521 Ar 2 m, 20 us

Figure 18. Some MCP photographs of self-luminous plasma beams
for He, Ar operation, z = 2 m, t = 20 to 30 ps.
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2468 5 m 2522 2 m, 20 ps

Figure 19. Some MCP photographs suggesting instabilities.

appear more granular and turbulent than MCP photographs of beams generated by
a gun with a quartz insulator. Figure 21 shows MCP photographs for alumina
insulator shots. The previous MCP photographs shown were for quartz insulator

shots.

The TRW Model 1D IC camera photographs, examples of which are shown in
Figures 22 through 25, show a diffuse plasma filling the center half of the
drift tube, and the walls lit up, consistent with rotating mirror and MCP
camera photographs. The IC photographs also show the plasma heam to be

somewhat off-center.
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2514 2 m, 20 us 2515 2 m, 20 ps

2526 Ar (196 prF, 18 kV)
2 m, 20 us

Figure 20 Some MCP photographs of beamheads. z = 2 m. t = 20 us.
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MCP-2 3.9 m, 65 ps
» °2 K MCP-3 4.6 m, 75 ps
Figure 21. Some MCP photographs of beam in Shot 2505 (alur . insulator)
suggesting turbulence, granular structure.
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Figure 23. The IC framing photographs, Shot 2501,
z = 8 m, alumina insulator, Ar operation;
1-pm pressusres at 70, 75, 80 ps after
fiducial.
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Figure 24 The IC framing photographs. Shot 2502. =z

z =9 m,
alumina insulator, Ar operation.

1-us exposures
at 70, 5. 80 us after fiducial.
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Figure 25. The IC camera 10-ps streak photograph, Shot 2506,
quartz insulator, Ar operation.
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OPTICAL AND VACUUM ULTRAVIOLET PHOTODIODE DATA

The optical photodiode data of both the plasma beam luminosity and plasma beam
target interaction luminosity were obtained. Vacuum Ultraviolet (VUV)
photodiode data of the plasma beam target interaction luminosity were also
obtained. The optical photodiodes had $-5 and $-20 photocathodes. They were
placed to view the plasma beam through the glass drift tube. Typically, one
was placed at 5 m and one at 8 m from the coaxial gun muzzle just outside the
drift tube. The photodiode at the 5-m location looked through the spherical
glass junction or cross in the drift tube. On some shots, this 5-m cross
contained a target. The VUV photodiode, commonly called an X-ray photodiode
(XRD), was mounted on the spherical glass cross port at 10 m from the coaxial
gun muzzle, looking at target impact luminosity. This XRD was connected to
the vacuum and was generally used unfiltered. The XRD response function (bare
Al photocathode) is shown in Figure 26. When filtered, this response peaks in
the ultrasoft to soft X-ray range. When unfiltered, the XRD response peaks at
16 eV with >10 percent of peak response from ~10 to ~45 eV. The target to XRD
distance was ~50 cm, and the XRD sensitive diameter was ~5 cm. The l-cm XRD
anode screen to cathode gap was biased to 1 kV. The photodiode and XRD bias

and signal cables included inductive isolators.

The optical photodiode data gave self-luminous plasma beam velocity distribu-
tion information via TOF. Examples are given in Figures 27 (Shot 2501) and 28
(Shot 2526). The TOF velocities obtained from the peaks of pairs of such
photodiode signals were generally in the 70- to 90-km/s range for Ar, and 90-
to 100-km/s range for H. The use of target impact luminosity (Fig. 28)
instead of plasma beam self-luminosity did not obviously change these TOF
velocities. This was done to check for the possibility of a fast neutral
(nonluminous) beam. Inferred TOF velocities are substantially the same
whether using pairs of photodiode traces or a single trace with the ~10-ps gun

discharge as zero time.

When photodiode traces were observed with sensitive oscilloscope settings, so
peak signals were off scale, earlier peaks in luminosity were observed on some
20-kJ Ar and most 30- to 40-kJ H shots. These peaks should not be confused with
the ~zero TOF peaks correlated with the -~600 kA gun current signal (Fig. 29).
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Figure 27. Optical photodiode signals for Shot 2501; z = 5, 8 m,
20 ps/division; signal peaks at 48, 82 us after
fiducial suggest velocity ~88 km/s.

Figure 28. Optical photodiode signals for Shot 2526; z = 5 m
(plasma beam) and z = 15 m (beam - target luminosity);
z = 5 and 15-m traces at 20 and 50 ps/division,

respectively; signal peaks at 64, 200 ps past fiducial
suggest velocity -74 km/s.
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Figure 29. Coaxial gun integrated
Rogowski coil current
signal; 20 ps/division;
peak current ~-600 kA.

The small ~zero TOF luminosity peak, present in all signals observed on
sensitive oscilloscope settings, is believed to be caused by reflected gun
discharge light. The additional early peaks, which are called precursors or
fast beam component signals, have TOF velocities (at precursor signal peak) of
typically 200 to 250 km/s. Examples are shown in Figure 30 for both target
impact and self-luminosity cases. Target impact luminosity does not exceed
self-luminosity for these precursor pulses. As discussed in the section on
interferometry, the density and mass of such precursors is 3 to 4 orders of
magnitude less than the main (slow) plasma beam component, and this was with
target impact enhancement. The luminosity of these precursors is typically 2

orders of magnitude smaller than that of the main plasma beam.

The XRD signals of target impact luminosity, shown in Figure 30, again give
TOF velocities in the 70- to 90-km/s range for Ar (and He) gun operation.
Some XRD data, such as that for Shot 2451, shown in Figure 31, showed small
(up to few x 0.1 V) early negative signals as well as the large (2 to 4 V)
positive signals at later time. These early negative signals are believed to
be due to photoelectrons produced at the target by VUV emission from the

plasma beam, or from beam--drift tube wall collisions.
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SHOT 2436

LN T
JEHANEEERN

SHOT 2451 SENSITIVE SCALE

SHOT 2463 SHOT 2466

Figure 31. The XRD traces. 2 = 10 m. observing beam - target
luminosity, Shot 2436: 1 V, 20 ps/division, no
magnet. Shot ?451: 1 V_ 50 ps/division, and 0.1 V,
10 ps/division, no magnet and no inductive isolator.
Shots 2460, 2463, and 2466. 1 V, 50 ps/division,
magnet and inductive isolator.

36




WL-TR-90-83

Such photoelectrons may be accelerated toward the 1-kV biased XRD anode mesh,
passing through the mesh toward the XRD cathode, giving a negative signal.
Placing a sweeping magnetic field ~1 kG between the target and the XRD
eliminates these negative signals. Such a magnet was used for all shots after
and including Shot 2460. Inductive isolators, used for all XRD data except
Shots 2448 to 2459, appeared to suppress *0.02 V "noise". The XRD data
obtained with inductive isolators and sweeping magnets generally showed a
small, prompt positive signal (essentially zero TOF), which is believed to be
caused by reflected VUV from the gun discharge (it tracks the discharge
current), and a larger delayed positive signal (110 to 140-us TOF) which is
interpreted as target impact luminosity. There is no clear XRD evidence for a
faster beam component (i.e., early positive signals above noise). Some
(questionable) XRD evidence for a fast beam component is shown in Figure 32.
This was obtained in a preliminary experiment three months before the main
series of experiments. 1f the small signal at ~20 ps (XRD at 10 m) is in fact
due to a fast beam component, its luminosity is 2 to 3 orders of magnitude

less than the main peak.
Attempts to observe higher photon energy target impact radiation with filtered

XRDs (>150 eV and >1 keV) and with filtered Silicon (Si) PIN detectors

(>1 keV, response function shown in Figure 26) gave null results.
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Figure 32.

Upper trace: XRD signal. Lower trace:
diode signal. Both traces looking at beam -
target luminosity at z = 10 m; 2 V,

50 ps/division; gun current starts ~105 ps;
possible XRD evidence for fast beam component
-15 us after gun current starts.

photo-
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MAGNETIC FIELD MEASUREMENTS

INTRODUCTION

Personnel from the WL were tasked to find the parameters of plasma beams
generated at GRC. One of the methods used was to observe axial currents and
any associated azimuthal magnetic fields (if any). This method used Rogowski
coils (to measure current directly) and coils of wires to measure induced
voltages created by changing magnetic fields. The results of using these

kinds of methods to examine the GRC plasma beams are discussed.

This section contains the following: a simple magnetic field theory; a
description of magnetic field probe coils and selected results from magnetic
field measurements; discussion of magnetic pressure balance and beam parame-

ters; and a discussion of results.
MAGNETIC FIELD MEASUREMENT THEORY

A coil of wire can be used to determine a line current under several simplify-
ing assumptions. If a current flows linearly (in the axial direction), it
generates an azimuthal magnetic field. Since the magnetic field is represent-
ed in the literature by the B vector notation, it is often called a B-field.
This convention will be used throughout this section. Using this notation,
the azimuthal B-field is indicated by By. The azimuthal magnetic field B, is

related to the current I by the relation in Equation 1.

Ko
2nr

By = (1)

In this equation, P, is the permeability of free space and r is the perpendic-
ular distance between the point where the B-field and the axis of symmetry are

measured.

The magnetic field will create a voltage in a coil of wire oriented in an
appropriate direction. The voltage is related to the relation given in

Equation 2.

BoRA dr

V= - 4ad
2rr dt

(2)
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In Equation 2, the voltage V is induced in the loop of N turns and A cross-
sectional area (perpendicular to the magnetic field B). The voltage is
related to the time derivative of the current (dI/dt).

The magnetic field probes are not usually operated in a time differentiated
mode in the experiments; they are integrated to observe the magnetic field and
the current. 1In the system fielded at GRC, the signal was integrated with
passive (RC) integration. The relation between the induced loop voltage and
the axial current due to the azimuthal B-field is given in Equation 3

1 WonA
RC 2=~ (3)

V= -

where the passive integration time constant is RC.

Because the passive RC integration introduces a voltage droop (due to the RC
decay of the source voltage), the voltage must be numerically corrected. This

corrected voltage is given in Equation &4

Veore = f(v + RC%‘E’)dt (6)

where V. .. is the corrected voltage, V is the measured source voltage and

dVv/dt is the time differential of the measured voltage.

Equations 2 through 4 assume the position of the current is known and the
current path can be described analytically to generate relations between
current and induced magnetic fields. 1If, however, the relation between the
current and the magnetic field is not explicitly known, the relation between
the voltage and the induced magnetic field can still be valid. This relation

is shown in Equation 5

nA
My | )

where the values of n, A, B and RC have been previously defined.
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EXPERIMENTAL MAGNETIC FIELD MEASUREMENTS

The B-dot probes were used to determine the current at the 5- and 10-m
stations of the GRC experimental system. There were two B-dot probe designs.
The first B-dot probe design had a pair of circular coils of wire (with four
turns each) of opposite polarity (so the measured B-dot probe signals would be
of opposite sign). With this reversed polarity pair of probes, the inductive
and electrostatic signals can be distinguished, allowing unambiguous identifi-
cation of the signal and (unintended) noise components. The B-dot probe pairs
3A/3B and 4A/4B were of this circular design. The second design had a pair of
opposite polarity loops made from small gauge coaxial cable. The effective
area of this design was defined by the rectangular shape of 1.3-cm width and
the 2.6-cm length of the coil. The B-dot probe pair 6A/6B was made with this
second (rectangular) design. All B-dot probes were mounted in 0.75-in outer
diameter (OD) glass tubes inserted into the vacuum of the GRC experimental
system through a Wilson seal. Mounting the B-dot probe packages through the
Wilson seal allowed the position of the B-dot probe pairs to be changed
axially and radially. Such mounting allowed the B-dot probe orientation to be
sensitive to either the azimuthal field component, By, or the axial field
component, B,. For the GRC system, it was expected (and observed) that By >>
B
(7.5 cm) from the drift tube axis.

;- The radial position of the magnetic field probes was usually 3 in

The noted B-dot probe pairs (3A/3B, 4A/4B and 6A/6B) were mounted in the GRC
experimental system at different places at different times dependent on the
experiment to be fielded. After 19 September, the B-dot probe pair 6A/6B was
mounted at the 5-m station. The B-dot probe pairs 3A/3B and 4A/4B were
mounted at the 10-m station. The B-dot probe pair 6A/6B was mounted so the
coil was at the center line of GRC system. After 19 September, the B-dot
probe pair 3A/3B was mounted at the center line of the experimental system and
B-dot probe pair 4A/4B was mounted 2 in above the centerline location of 3A/3B
and 1.25 in to the right of 3A/3B. Before 19 September, B-dot probe pairs
were mounted at the center of the GRC experimental system at the 5- and 10-m

stations.
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The B-dot probes are calibrated in a spark gap system using a large capacitor
of known capacitance. 1In this system, breakdown voltage is measured and the
voltage response of the B-dot probes are recorded. For consistency and error
reduction, several shots are made on the calibration system for each B-dot
probe to be calibrated. The B-dot probe sensitivities were then calculated
from this series of data. Two of the three B-dot probe pairs (3A/3B and
6A/6B) were calibrated with this system. Calculated B-dot probe calibrations
are consistent and yield statistical variations (standard deviations) of

<5 percent. The third B-dot probe pair (4A/4B) is assumed to be equivalent to
the other probe of the same design (3A/3B) within 10 percent.

It should be noted the results reported here are subject to the assumptions

reported in the subsection on magnetic field measurement theory.

A comparison of the results of the voltage responses for the photodiode and a
B-dot probe (3A) mounted to measure the By field at the 5-m station can be
seen in Figure 33. These show the correlation of precursor signals and
(assumed) plasma luminosity and magnetic field signals. These data were for
Shot 2500 taken on 13 September. The gas used in this shot was Ar at 30 psig.
Charge voltage was 18 kV on a 126-pF capacitor bank. The start of gun current
(evident as the damped oscillatory perturbations in the trace) occurs at 90 gs.
The fiducial occurs at 110 ps and the photodiode precursor peak occurs at

115 ps. The main light pulse goes off-scale at 140 ps. In Figure 33b, the
effects of an axial current are shown. This trace is triggered at the start
of the gun current. The precursor and the fiducial are coincident at 27 ps.
The main By field begins at 52 ps. The magnetic field peaks at 12 ps after
current rise to a maximum magnetic field of 1.3 mT. This peak magnetic field
corresponds to a current (under the stated assumptions) of 430 A. These
assumptions include cylindrical symmetry, a centered beam, a current distribu-
tion inside the probe radius and a return current external to the probe radial

position.

Figure 34 shows the signals for a coaxial B-dot probe pair (3A/3B) at the
5-m stati~n. These data were for Shot 2513 taken on 14 September. The gas
used in this shot was Ar at 30 psig. Charge voltage was 18 kV on a 126-pF

capacitor bank. Noise is minimal in these traces because fiber optic signal
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(a) Photodiode voltage response;
0.2 V/division.

\ |

(b) By probe response for B3A;
53-ps RC integrator;
240 A/division. (7.0 x 1074
T/division.)

Figure 33. Correlation of luminosity and magnetic
field precursor and main signal
responses taken at 5-m station. Both
time bases 20 pgs/division.
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(a)

B, probe response for B3B;
46.8-ps RC integrator;

250 A/division. (6.2 x 107
T/division..)

(b)

Figure 34.

By probe response for B3A;
53-ps RC integrator;

240 A/division. (7.0 x 107
T/division.)

Reversed pair of By probe signals
taken at 5-m station. Both time
bases 10 ps/division. Fiber optic
coupling of signal.
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links were used to transmit the voltage signals to the oscilloscopes. Both
signals are triggered by start of gun current. The fiducials occur at 25 ps
and precursor magnetic signals can be seen at 90 us. The By fields (and
assumed axial currents) are seen to peak at 70 and 80 ps. In Figure 34a, the
peak magnetic fields are 1.3 mT (at 70 gs) corresponding to an axial current
of 530 A and 2.6 mT (at 80 ps) for an axial current of 1.0 kA. 1In Figure 34b,
the peak magnetic fields are 0.7 mT (at 70 ps) for an assumed axial current of

240 A and 1.7 mT (at 80 us) for an assumed axial current of 580 A.

Figure 35 shows the signals for a coaxial B-dot pair (3A/3B) at the 10-m
station. These data were for Shot 2524 taken on 20 September. The gas used
was Ar at 30 psig. Charge voltage was 12.3 kV on a 252-pF capacitor bank.
Electromagnetic (EM) noise is evident due to the lack of fiber optic transmis-
sion of the signals. Both signals are triggered by start of gun current. No
fiducials are present. Figure 35b was inverted : the oscilloscope. Current
is seen to begin at 106 ps and yields a peak magneti- field of 1.3 mT for an
assumed current of 500 A occurs at 108 ps. A smaller peak of 0.6 mT for an

assumed current of 200 A occurs at 160 ps.

Figure 36 shows the signals for an azimuthal By signal and an axial B, signal
taken at the 10-m station. These data were taken for Shot 2525 on 20 Septem-
ber. The gas used was Ar at 30 psig. Charge voltage was 12.7 kV on a 252-pF
capacitor bank. Again EM noise is evident due to the lack of fiber optic
signal transmitters. Both signals are triggered by the start of gun current.
Again, fiducials are not present due to equipment limitations. In Figure 36a,
axial current and azimuthal magnetic field, By, are seen to begin at 124 ps
and peak at 134 us and 140 ps. The peak magnetic field is 1.2 mT for an
assumed axial current of 300 A. In Figure 36b, voltage from axial magnetic
probe, B4B (measuring Bz), is displayed. Although the signal is noisy, a B,
signal structure is evident from 134 to 150 ps (corresponding to the time of
the By signal). Figure 36b is inverted at the oscilloscope. No current
calibration data are available for the axial current, but the peak B, signal

is about 0.4 mT,

Figure 37 shows a comparison of noise traces and the largest azimuthal

magnetic field and axial currents observed during the series of experiments,
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(a) By probe response for B3B;
27-ps RC integrator;
140 A/division. (3.6 x 1074
T/division.)

(b) By probe response for B3A;
27-ps RC integrator;
120 A/division. (3.6 x 107
T/division.) Signal inverted
at oscilloscope.

Figure 35. Reversed pair of By probe signals
taken at 10-m station. Both time
bases 20 ps/division.
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(a) By probe response for B3B;
27-pus RC integrator;
140 A/division. (3.6 x 107¢
T/division.)

(b) B, probe response for B4B;
27-us RC integrator;
5 mV/division; no current
calibration. (3.6 x 107
T/division.)

Figure 36. Magnetic probe signals taken at 10-m
station. Both time bases 20 ps/
division.
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(a) By response for B3B for (b) By response for B4B for
Shot 2540; 27-ps RC Shot 2540; 27-ps RC
integrator; 140 A/division. integrator; 270 A/division.
(3.6 x 10™% T/division.) (7.1 x 10% T/division.)

(¢) By response for B4B for
Shot 2538; 27-ps RC
integrator; 270 A/division.
(7.1 x 10°% T/division.)

Figure 37. Correlation of noise signals with large Ee

signal taken at 10-m station. All time
basec 20 ps/division,
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Figures 37a and 37b are taken from Shot 2540 and Figure 37c¢ from Shot 2538,
Both shots were fired on 21 September. The gas in both shots was Ar at

30 psig. The charge voltage was 16 kV on a 126-pF capacitor bank. Some EM
noise is evident, again, due to lack of fiber optic signal coupling. All
signals were taken at the 10-m station. The main difference in these two
traces is an interfering diagnostic was inserted into the beam at the 5-m
station on Shot 2540 (thus obscuring the diagnostics at the 10-m
station). On Shot 2538, the obscuring diagnostic was not inserted into the
beam region. In all other physical respects, these two shots are the same.
All traces were triggered by the rise of gun current. 1In Figure 37a, the
fiducial occurs at 60 ps. The sensitivity to azimuthal magnetic field is
0.36 mT/division and to an assumed axial current is 140 A/division. Only
noise is evident in Figure 37a. 1In Figure 37b, the fiducial occurs at 60 pus.
The voltage peak at 18 ps is a noise signal. The magnetic field sensitivity
is 0.71 mT/division and current sensitivity is 270 A/division. 1In Figure 37c¢,
the axial current and azimuthal magnetic field are displayed. As in

Figure 37b, the noise signal peaks at 18 ps and the fiducial is at 60 ps. As
in Figure 37b, the azimuthal magnetic field sensitivity is 0.71 mT/division
and the current sensitivity is 270 A/division. The axial current rises at
124 ps to a maximum that goes off-scale. This off-scale peak magnetic field
peak is excess of 4.0 mT for an axial current of 1.5 kA. There is a second

peak, at 150 pus, of 3.2 mT for an axial current of 1.2 kA.

When Rogowski coils were mounted around the glass vacuum vessel, only currents
at minimum detectable levels (on the order of 200 A or smaller) were measured.
All return current is presumed to be inside the vacuum vessel. Fast photo-
graphy shows a luminous sheath on the internal surface of the GRC vacuum
vessel suggesting a return current layer. These results are consistent with
the results of the axial B-dot probe measurements. For the entire series of
experiments, axial currents measured with B-dot probes were generally <1 KA.
On one shot, Shot 2538, at the 10-m station, a maximum current of 2 kA was
measured. As previously stated, the validity of this interpretation depends
on the validity of the assumptions of cylindrical symmetry and radial current

distribution.
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MAGNETIC PRESSURE BALANCE

It was experimentally observed that the luminous portion of the plasma was
constrained within some fractional diameter of the vacuum drift tube. Visible
light observations using 8-us framing, 10-ns framing and 200-ps streak
photographs indicated a visible or incandescent envelope smaller than the
vacuum vessel inner diameter. Interferometric data also indicated a rapid
decrease of density as a function of radial beam position. If the axial
current is of sufficient magnitude, it generates an azimuthal magnetic field
to restrict the plasma radius. This restriction would come from the balance
of the transverse kinetic plasma pressure and the magnetic field pressure. In
a complete analysis, this balance (which ignores radiative effects) is the
Bennett condition. A complete presentation of the Bennett condition is given

in Reference 3.

For a simple analysis of the balanced plasma condition, assume a plasma

density profile, n(r) given in Equation 6.

n, 0srsR 6
n(r) ={ 8' Ry <r ° (6)

where n, is the uniform plasma density and R, is the plasma radius. Using

this definition of density, the plasma density J is described in Equation 7

~

nev,a,, S SI SR, 7
‘”r)'{oo‘.“ Ry <r (7

where v, is the effective plasma velocity and a, is the axial unit vector.

The plasma current I(r) is related to the plasma current density J(r). It can
be obtained by the integration over the surface transverse to the axial flow.

The current I(r) is given in Equation 8.

_Jengvpixr?), o0srsR, (8)
n = {enovo(nkg). Ry ¢ 1

It should be noted that the plasma drift velocity vy = v, - v, is not identi-

cal to the plasma beam velocity.
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In an equilibrium condition, the magnetic pressure (which inhibits radial
expansion) will balance the plasma thermal pressure (which promotes plasma
radial expansion). If neutral gas particles are present, they are assumed to
be uniformly dispersed within the vacuum vessel and provide no pressure
differential anywhere within volume of the vacuum vessel. Thus, in this

analysis, the pressure effects of neutral particles will be ignored.

The MHD balance for this condition is given in Equation 9.

J x B =vP=vwnkT, + n kT, (9)

where P is the plasma pressure, n is the species number density, k is the
Boltzmann constant and T is the species temperature. The subscripts i and e
refer to the positively charged ions and the (negatively charged) electrons,

respectively.

In cylindrical coordinates, Equation 9 is given in Equation 10.

IxB= k-aa;(n,.Ti + n,T)a, (10)

No axial variation in the beam and beam azimuthal symmetry are also assumed.
Inserting values for J and B at the plasma edge yields the relation in
Equation 11.

I BoI d
(xRoz).' X ( 2:&,)'0 = k(T ¢ T, (11)

If one assumes that T = T, = T; and ny = n; + n, and simplifies the relation,
the result is Equation 12.

I = ZRzngT_dﬂ (12)
Ho dr

For simplistic assumptions, dn,/dr goes to infinity and an approximation for

dn_/dr must be made for this relation to be evaluated. The smallest value for

dn_/dr can be approximated by dn /dr = 4n,/Ar = n/R,. Equation 12 then trans-

formed into Equation 13.

2 %Ry n, kT (13)
Ko

I? =
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From this relation, one can calculate an equilibrium current, qu. These data
are displayed in Table 1. The radial positions are chosen to be 25, 50, 75
and 100 percent of the maximum possible plasma radius (10.5 cm).

The plasma equilibrium radius is not a constant but is dependent on the plasma
parameters. The Bennett relation shows this variation. From Reference 4, the
appropriate descriptive equations are given below (Eqs. 14-17).

N : M (14)
n(r) (1 + n*br?)?

ba BV (15)
Bk(T. * Tl)
. 2
NI = _-I_T-_n_Ro_ (16)
1+ n'bR:
12 = 8xN k(T, + T)) (17)

Ho

where n" becomes the peak plasma density (n, ~n;) at r = 0, b is the charac-
teristic Bennett scaling parameter, N, is the linear plasma density and
Equation 17 describes the Bennett equilibrium relation. 1In these relations,
the plasma drift velocity, Vo is used. The relation between the plasma drift
velocity and the ion drift velocity v; and the electron drift velocity v, is

Vo-Vi -V..

For limits in the calculations, it should be noted the plasma may be no larger
than the vacuum vessel inner radius, 10.5 cm. It can be shown in the effec-
tively infinite linear plasma density, N,,, occurs when N, = x/b which pro-

vides an upper bound for R;, if not otherwise constrained.
The denominator of the linear plasma density will strongly affect the behavior

of the limiting Bennett current I,. If n*bRo2 <10, N, = n*anz. 1f nbeoz >
1.0, N1 - N’..

52




WL-TR-90-83

Table 1.

|
i
i

|

Calculated equilibrium current (assuming kT = 1.0 eV).

Plasma Degsity
(cmg) "o

Plasma Radius R, 3
i (em) | ____(em-) |

(A)

3 .63 1010 .16 x 10°
[7 .63 10" .32 x 10! “
I .63 1012 .16 x 10! “
X
X
X
X

(V.30 (V.3 [V 30 0.3 [V 0 (V.0 (V.0 (V.0 [ R [CR [N X OR[N DO [ XY

4
1
4
1.
4.
1.
4.
e
] 8.33 x
ﬂ .25 10" 2.63 x 10
I .25 10" 8.33 x 10!
.25 1013 2.63 x 102
ﬂf .25 101 8.33 x 10°
n .25 1013 2.63 x 103
ﬂ .25 10 8.33 x 103
ﬂ .25 10'7 2.63 x 104
7.68 100 1.25 x 10'
7.68 10" 3.95 x 10!
7.68 1012 1.25 x 102
i 7.68 1013 3.95 x 102
7.68 10% 1.25 x 103 |
7.68 10" 3.95 x 103
7.68 106 1.25 x 10%
7.68 10'7 3.95 x 104 .
ﬁ 10.5 1010 1.67 x 10!
5.27 x 10!
1.67 x 102
5.27 x 102
1.67 x 103
5.27 x 103
1.67 x 10%

w

.27 x 10
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An evaluation of n*bRoz is required for a complete evaluation of I,. Assuming
a maximum peak plasma density of 10% cm'3, a maximum plasma radius of 0.5 cm,
we have

2
. 2 g . -¢ Vo (18)
n*br 2.77 + 10 K(T, + Tp)

where v, is the plasma drift velocity (in meters per second) and kT,, kT; are

temperatures in electronvolts. Assuming kT, = kT; = 1 eV, the relation is

n°bR? = 1.39 - 10°'v} (19)

1f the plasma drift velocity v, is <250 m/s (where the maximum value of n'bRﬁ2
for the described system is ~10 percent), then the denominator term can be

approximated by 1.0 and the Bennett relation becomes

8x*Rin°"K(T, + T)) (20)

I =
B “o

and the numbers in Table 2 result. Equation 20 is similar in form to the
equilibrium relation of Equation 12. The equation for this case of the
Bennett equilibrium where n'bRo2 << 1.0 is the same as that obtained for

surface axial current confinement of a uniform cylindrical plasma column.

For evaluation of the Vo restriction, allow a 2-kA current (the maximum
observed current), a typical plasma electron density of 5 x 10" cm™3, a plasma
beam radius of 10.5 cm and the definition of J = ne<vy> where <v,> is the
averaged drift velocity. The magnitude of the averaged drift velocity becomes
72 m/s and is less then the 10-percent value given before. It can reasonably
be assumed that the term (1 + n'bRoz) can be ignored. It can also be reason-
ably assumed that since the averaged drift velocity is small compared to the

bulk plasma velocity, plasma charge separation is small.

Using the Bennett relation of Equation 20, Table 2 is generated. As before,
radii are chosen to correspond to 25, 50, 75 and 100 percent of the maximum
possible plasma radius. The plasma ion and electron temperatures are assumed

to be 1.0 eV.
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Table 2.

-

Calculated Bennett current (assuming kT, = kTe = 1.0 eV).

Plasma Radius R,

(

cm)

Peak Plasma ?ensity n*
(cm™>)

T

Bennett Current,

2.63 1010 1.18 x 10!
2.63 10™ 3.72 x 10° ||
I 2.63 1012 1.18 x 102 |
ﬂ 2.63 1013 3.72 x 102
|| 2.63 10% 1.18 x 103
2. 3.72 x 103
2. 1.18 x 104
2. 3.72 x 104 I
5.25 1010 2.36 x 10!
5.25 10" 7.45 x 10°
5.25 1012 2.36 x 102
5.25 1013 ;.45 x 102
ﬂ 5.25 104 2.36 x 103
5.25 1015 7.45 x 103 “
ﬂ 5.25 10' 2.36 x 104
5.25 101; 7.45 x 10% l
7.88 1010 3.53 x 10!
7.88 10M 1.12 x 102
ﬂ 7.88 1012 3.53 x 102
7.88 10"3 1.12 x 103
n 7.88 10% 3.53 x 103
7.88 1015 1.12 x 104
7.88 106 3.53 x 10%
7.88 10'7 1.12 x 10° J
10.5 1010 4.71 x 10!
10.5 10M 1.49 x 102
10.5 102 4.71 x 102
10.5 1013 1.49 x 103
10.5 10 4.71 x 103
10.5 105 1.49 x 10*
10.5 106 4.71 x 10%
L 10.5 10'7 __1.49 x 10° |

55




WL-TR-90-83

Comparing the data from Tables 1 and 2, it is seen that the values for limited
current differ by a factor of 2/2Z. The plasma pressure balance equation is a
function of the form of the density function, n(r), and of the current
distribution, I(r).

Fast photography and interferometry both suggest the plasma beam radius is
5 em. Results from interferometry and optical spectroscopy indicate the
average plasma density is 10" em3 and the peak plasma density is <10 cm3.
Optical spectroscopy indicates a plasma temperature of 1 eV. These results
indicate the beam current required for Bennett equilibrium (beam confinement)

is from 3 to 20 kA.
SION

The observed azimuthal magnetic fields and the interpreted axial currents,
typically 1.0 kA and always <2.0 kA, are a factor of 3 to 20 less than that
required for simple magnetic confinement/equilibrium (Bennett equilibrium).
This conclusion is based on the assumptions of cylindrical beam symmetry, a
centered beam, a radial current distribution contained within the magnetic
probe radius and a return current outside the magnetic probe radius. Even
though observed magnetic field is too small to maintain Bennett equilibrium,
such fields can assist in centering the plasma beam. An uncentered beam
(where r # 0) will encounter compressed magnetic field between the beam and

the drift tube wall.

The magnetic probes were inserted through a 50-cm dia spherical cross/
diagnostic station and not through the 2l1-cm dia drift tube walls. Inertial
confinement effects (where the thermal velocicy is much less than beam
velocity) are sufficient for the plasma beam to traverse the 50-cm cross with
no significant expansion and no radial drift. Radial beam drift oscillations
(where the plasma beam drifted radially and returned to center) were, however,
observed in fast photographic data in the drift regions of the GRC vacuum

vessel.

Fruitful areas for future research include measurement of the radial current

distribution, I(r), and testing the effect of larger diameter drift tubes.
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INTERFEROMETRY ON THE WL/GRC EXPERIMENTS

INTRODUCTION

Direct time resolved measurements of the integral of the free e  density along
a single line through the plasma beam emitted from the GRC plasma gun were
taken as part of the WL/GRC experimental series using interferometry at three
different wavelengths. The function of interferometry is to measure phase
shift of a beam of EM radiation traversing a medium relative to a reference
beam or oscillator. A double pass optical ianterferometer using either a CO,
or a HeNe laser and a separate single pass millimeter wave interferometer was
used. With this wide range of wavelengths, listed in Table 3, a wide range of

density measurements was available, as will be explained below.

Table 3. Interferometric parameters for the WL/GRC experiment.

— —
Cutoff Electron | Line Averaged Electron
Wavelength A Density, n, Density for a Phase
System (cm) (cm'3) Shift of 2=x, ﬂ1(cm'3)
HeNe 6.33 x 103 2.79 x 10% 8.39 x 10"
co, 1.06 x 1073 9.94 x 10 5.01 x 10%
mm wave 3.33 x 107! 1.01 x 10% 3.19 x 10"

The dispersion relation for EM radiation propagating in a cold unmagnetized

plasma is

w? = 0]+ ck? (21)
where
w2=3.18 x10°n [cgs]) (22)

with n being the free electron density. Temperatures and magnetic fields
present in the experiments were well below levels for which corrections terms

for these properties are required (Ref. 5). The electron densities n, for
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which the angular frequencies of the three radiation sources equal 8, are
listed in Table 3. Interferometry cannot be performed above these (cutoff)
densities using the respective sources since there are no propagating (real k)
soluticns. In practice, inhomogeneities in the plasma result in lower limits.
If the phase shift of the plasma traversing beam varies significantly over the
sampled beam cross-section, the interference signal will be washed out by a

large distribution of phase shifts being received simultaneously.

For n << n,_, a useful approximation is derivable from the dispersion relation.
In this limit, the phase shift ¢p of the beam (in radians) due to the plasma
is proportional to the line averaged electron density fi along the beam path
(Ref. 6):
ne

L _ 3.55 x 10%?
f ndy = T ¢, [cgsl] (23)

o)

o

Here, p is the number of times the beam passes through the plasma (once for
the millimeter system and twice for the optical system) and L is the length
along which the density is averaged. The length, L, will be taken to be

21 cm, the diameter of the plasma drift tube. For the three wavelengths, the
values of 7 which result in one order of shift (7 = i, for ¢b = 2r) are listed
in Table 3. Values of T ~ i1,/20 were resolvable using the respective systems,

in practice.

This section will be concluded with a general description of the nature of the
signal output from the interferometer receivers and how fi may be calculated
therefrom. Ideally, given a constant amplitude, plasma traversing beam mixed

with its local oscillator or reference beam, the receiver signal is

V= % (v, - v. ][1 + cos(¢p + ¢0)] + V. (24)

where ¢, is the vacuum phase angle and V, and V_ are the signal levels at
maximum and minimum interference, respectively. One property of this equation
which is particularly relevant to signal inter-retation is that a measurement
of V= V(t), by itself, does not uniquely determine é,(t), and, therefore, 1,
since the arccosine is a multivalued function. Whenever ¢p + ¢, equals an

integer multiple of =, it is unclear whether 77 continues on to increase or
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integer multiple of x, it is unclear whether 7 continues on to increase or
decrease without additional information. With the millimeter wave system, this
information was supplied by recording V simultaneously with two values of ¢,
differing by x/2 Although this option was not available with the optical
system, ambiguities were usually resolvable either by recording data with
different values of ¢, or by correlating the HeNe signal with the CO, signal
to form a comnsistent interpretation. Both these methods assume

reproducibility.
RESULTS

An example of a CO, interference signal and the calculated I trace are
illustrated in Figure 38. The shot number is in the bottom right corner of
each graph. The receiver signal, Figure 38a, was chosen for display because
it has both a multiple order phase shift and an interval during which it
cannot be interpreted due to plasma inhomogeneities. Signal interpretation is
particularly complicated by these two effects. This signal was taken at

z = 5 m down range of the plasma gun with the laser beam orthogonally
intersecting the z axis of the glass drift tube. In the graphs, as well as in
the rest of this section, time t = O corresponds to the start of gun current,
as determined by a Rogowski coil signal from the gun current feed. The gun
current supply was, in this case, a 126-pF capacitor bank ~harged to 18 kV

(20 kJ). The plenum gas was Ar pressurized to 30 psi.

Figure 38a shows the signal bounded between horizontal lines at V, and V_.
Since the current pulse driving the plasma is only 15 us, the beam velocity at

any time t significantly >15 ps may be approximated by

v=2z/t (25)

For earlier times, Equation 25 is still useful for establishing a lower bound
on v. The beam is first detectable with this instrument at 45 us, giving an
inferred maximum velocity of 110 km/s for anything with 7 > 3 x 10" cm3, the
detection threshold for the device. Tha signal between 45 and 70 ps is
impossible to interpret, but data using the HeNe laser under similar
conditions indicate that i peaks in this region and then slowly falls off.
This fall-off is apparent in the si1gnal after 70 ps, resulting in over two

periods of oscillation.
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(b) Calculated

Figure 38. Sample CO, interference signal and calculated A taken
at 5-m station through center port. 20 kJ bank Ar
plenum.
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The HeNe signals never exceeded OP = 2% due to its lower sensitivity, except
for measurements taken directly across the muzzle of the gun. Interpretation
of down range HeNe data was, therefore, much simpler. Measurements at the
muzzle, though, have proven uninterpretable. Figure 39 shows 1T as determined
from a HeNe signal for the same machine parameters as Figure 38 but at

z = 0.7 m. Figure 39a is taken with the laser on axis and Figure 39b was
taken 6.4 cm off axis for a different shot. There appears in both graphs two
distinct local maxima with the first being much greater in density and
velocity. The first peak is a factor of 3 lower off axis, implying that it is
collimated. The slower component, traveling at only 20 km/s, has the same

density off axis showing no indication, therefore, of collimation.

Figure 40 shows more data from the 5-m station. The machine parameters are
the same, except the axially centered i in Figure 40a (higher plot),
calculated this time from HeNe data, was taken for a shot which used He at
42 psi as the plenum gas. Comparison with the Ar plenum data of Figure 38b,
though, shows that there is not a great deal of difference, at least during
the time domain when the signal is reducible. This is consistent with
spectroscopic results indicating that much of the plasma beam consists of Si
ablated from the gun’'s quartz insulator. The  using the Ar plenum, though,
does appear to begin to rise earlier, implying faster component. The lower
trace, also rising earlier, was taken 6.4 cm off center, like Figure 39)b,
using the CO, laser. The order of magnitude lower density off axis shows that

the degree of collimation has not noticeably deteriorated at this range.

Considerable effort was made to observe and quantify any precursor plasma
arriving earlier than the main mass because of its implied higher velocity.
The millimeter system, with a noise level of 7 ~ 2 x 10" em3, was useful for
this purpose. Figure 40b shows an example of what was often observed with
this device prior to 45 ps at the 5-m station. The signal first clearly rises
above the noise at about 20 ps, impying a velocity of v 2 250 km/s, albeit at
densities 3 orders of magnitude lower than the main mass. The signal is

abruptly cut off at 45 ps as the main mass begins to arrive.

The interferometry data allow estimates to be made of the time histories of

plasma beam power dE/dt and mass flow rate dm/dt, and the time integrated
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5.00 15.0 25.0 35.0 45.0
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(a) Center port,
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(b) 6.4 cm off-axis.

Figure 39. The T from HeNe signal at 0.7-m station through
center port and port 6.4 cm off-center. 20 kJ
bank with Ar plenum,
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(a) T from on-center HeNe signal (upper trace) and from
off-centered CO, signal.
E 12 -
-+ 900 1
- -
" 7004
(em=3) |
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15.0 45.0 75.0 105. 135.
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(b) Centered /T from millimeter wave signal (using He as the gas

plenum gas).

Figure 40. Interferometry results at 5-m station.
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properties of total energy E, mass m, and momentum p = (2mE)*, given some

simplifying assumptions. The assumptions, followed by a brief justification

and/or qualification of each, are as follows:

v = z/t. As already mentioned, this gives a reasonable beam velocity
estimate only for t >> 15 gs at the 0.7-m station. Otherwise, only a

lower bound can be established.

R = 6.4 cm ~ the characteristic radius of the plasma beam, which is
assumed to be rotationally symmetric. This value appears reasonable
since the i measurements 6.4 cm off axis at z = 0.7 and 5 m correspond

to about one e-fold drop.

n = Lfi/2R interior to R and 0 exterior to R. Here, n is electron
density and iT refers to an on axis measurement of its line average.
This relationship follows from Equation 23 if one assumes, for
sirplification purposes, that n is radially (but not axially or

temporally) uniform interior to R, with only vacuum exterior to R.

Ei - 4.65 x 1002 g = 28 amu = the mean ion mass. Spectroscopic
e\ idence indicates that the principle constituent of the plasma is Si.
The other possible constituents have lower atomic masses, with the

result that this assumption may give an overestimate of the beam power.

Z - 1 = the mean ionization state of the ions. Spectroscopic evidence

indicates that the Si observed is mostly singly ionized.

With p = BEL/E being the beam’s mass density interior to R, derivable from the

above ass:mptions are

and

dm _ 2 . RRLAT .z 26
3¢ = (sRM)pv S (26)
dE _ 1dm , RRLnjm;z? (27)
dt 2 dt 47¢}

64




WL-TR-90-83

Figures 4la and Figure 41b plot the beam power at 0.7 and 5 m, respectively,
using the capacitor bank with energy KCV2 = 20 kJ. These pPlots were derived
from the 1t plots of Figures 39a and Figure 40a, respectively. The time
integrated properties are listed in Table 4. Provided the assumptions are
sufficiently correct, the 0.7-m values represent a lower bound in mass,
energy, and momentum because of the constraints on the first assumption

(v = zt). Even so, mass and energy conservation of the beam between 0.7 and
5 m appears fairly good, indicating minimal plasma loss to the walls of the
drift tube. One noteworthy observation is the apparent conversion efficiency
of capacitative energy (3CV2) to beam energy E of about 20 percent. This
should be of particular significance for potential space propulsion
applications. A word of caution is warranted, though. A population of lighter
ions, unresolvable in the spectroscopic data, could mean that the actual beam
energy is lower. This possibility needs more study. Included in Table 4 are
the parameters for the plasma precursor plotted in Figure 40b, for comparison.
Its contribution to the beam energy is negligible, under the assumptions,

despite its greater velocity.

Table 4. Inferred time integrated plasma beam properties.

—

Shot No. | kcv? (k]) Plenum Gas z (m) m (mg) E (k) p (N - s) !
2474 20 Ar 0.7 5.0 3.9 0.20
2496 20 He 5.0 3.7 3.4 0.16
25068 20 Ar 5.0 4x10°% 3x10°4 1.5x10°° II
2534 40 H, 5.0 10.4 12.9 0.27 H

— —

®precursor only, from millimeter wave system

Late in the experiments{ the plasma gun capacitance was increased to 252 uF,
resulting in an increase in bank energy to 40 kJ, and the plenum gas was
changed to 30 psi H,. The /T and power histories calculated from an on axis

HeNe signal taken at 5 m are shown in Figure 42. There are little
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Power *°9- 1
(MW) 350. 4
250. -
150. 4
50.0 -
5.00 15.0 25.0 35.0 45.0
t (us)—
(a) Power at 0.7 m, inferred from Figure 39a.

Power 450. 1
(MW) 450.
250. -
150. -
50.0 -

15.0 45.0 75.0  105.  135.

~t (ps)-—

Power at 5 m, inferred from Figure 40a.

(b)

Figure 41. Beam power.
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(b) Inferred power.
Figure 42. Centered M and inferred beam power from HeNe signal

at 5 m.

The 40 kJ bank with H, plenum.
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interpretable off axis interferometric data to determine if the plasma had the
same degree of collimation, so the second assumption is only tentative.
Nonetheless, the time integrated properties, listed in Table 4, indicate that
a reasonable conversion efficiency is maintained, or possibly even improved,
as the bank energy is increased, although the plasma velocity itself does not

increase.

There was some controversy about the significance of the precursor
measurements. It was pointed out that the interferometer was blind to
neutrals and that, even if ionized, a sufficiently fast beam might carry
significant energy even if its density was below the noise level. Because of
the great interest in the possibility of such a beam, a simple experiment was
performed to look for it using the 40-kJ bank with the H, plenum. A plastic
target was placed orthogonal to, and centered on, the plasma beam at a range
of 5 m and the millimeter interferometer radiation was transmitted through it
at a 45-deg angle. Any neutrals striking the target in <50 ps would be
ionized, and additional ions would be ablated from the target. In this way,
if any appreciable fraction of bank energy was deposited on target, n, would

be exceeded and the millimeter signal would cut off.

The signal did not cut off and /7 was interpretable up to the usual 45 us
before the main plasma arrived. The results of this experiment, along with an
ff plot of the precursor as it appeared with the same machine parameters, but
no target, is shown in Figure 43. There is an enhancement of the signal due
to the target, and there is even a significant rise above noise as early as 10
us, providing evidence for a component with v 2> 500 km/s, but the energy

deposition is very small compared to the slower plasma.
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Figure 43. The T from millimeter wave signal at 5 m.
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0) 1

OPTICAL SPECTROSCOPY

The OMA system for these experiments was an EG&G PARC (Princeton Applied
Research) Model 1460V, comprising a Model 1234 Spectrograph, a Model 1254E
Silicon Intensified Target Vidicon Detector, a Model 1211 High Voltage Pulse
Generator, a Model 1301 High Speed Optical Trigger Detector, a Model 1216
Multichannel Detector Controller, and a Model 1215 OMA II Console. The OMA

system is shown in the block diagram of Figure 44.

Note that because of

sensitivity of the electronics to power line transients and electromagnetic

pulse (EMP), the entire system was placed inside a Faraday cage with power

line filter; data and trigger signals were brought in via fiber optic links.

The spectrograph was manufactured by Jarrell Ash (Monospec 27) and features a

crossed Czerny-Turner configuration for excellent stray light reduction. It

is stigmatic so that incident spatial information in the vertical direction

along the entrance slit is maintained through the system and focused at the

exit plane.

distinct spectra.
three different diffraction gratings.

without realigning the optical system.

This capability was used to simultaneously record up to three

The spectrograph has a turret grating mount which holds

Any of these can be moved into position

The gratings used are listed in

Table 5 with the corresponding dispersions and resolutions for a 25-pm

Table 5. Grating specifications.
[ —
Grating Range Dispersion Resolution
(1/mm) (A) (A/channel) (A)
150 3000 6.00 12.0
1200 375 0.75 01.5
1800 250 0.50 01.0

entrance slit (50- and 100-uym slits were also available).

Reflection effi-

ciency curves, supplied by Thermo Jarrell-Ash, for the three gratings are
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shown in Figures 45 through 47. The spectrograph has a focal length of 275 mm
and an effective aperture of £/3.8. An optical alignment was performed prior

to the measurements to ensure optimum performance.

The detector is an Si intensified target vidicon mounted at the spectrograph
exit plane. A schematic of the detector is shown in Figure 48. Incident
photons are coupled through a fiber optic faceplate to an extended red
response S-20 photocathode. Photoelectrons are accelerated and focused
through an aperture and imaged onto a 16-mm~dia Si target. The target
contains a microscopic array of millions of photodiodes--approximately one
every 8 um. The diodes have a common cathode and isolated anodes which are
selectively addressed by a scanning electron beam. Initially, the beam
charges the diodes. As accelerated photoelectrons strike the target,
electron-hole pairs are created which deplete the stored charge. When the
beam rescans the depleted region, charging current (which is proportional to
the depleted charge) flows and is sensed and integrated by the electronics.
The scanning beam has a spot size of 25 um, and scans a 12.5- x 12.5-mm area,
resulting in an array of 512 horizontal channels by 512 vertical tracks. With
the OMA console and the detector controller, the channels and tracks may be
grouped for display. For example, a horizontal group size of 2 and a vertical
group size of 16 produces a lower resolution array of 256 channels by 32
tracks. A typical response curve for the 1254E detector is shown in

Figure 49.

The detector may be operated repetitively (continuously) or pulsed. Pulsed
operation is achieved by manually setting a hardware switch on the detector,
so that focusing voltage is applied by a separate high voltage pulser, and
setting a software switch to the 1211 pulser position in the OMA configuration
menu. The 1211 pulser supplies a negative pulse of about 500 to 1500 V, with
width variable from about 50 ns to 1 ms. The gating pulse occurs after a
delay externally set on the pulser (+200-ns fixed internal delay) from a
trigger pulse. In the experiments, the trigger pulse was produced from a
current sensor on the gun discharge circuit and coupled to the 1211 through a

fiber optic transmitter/receiver link. The receiver was the EG&G 1301 unit.
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Figure 45. 150 1/mm grating reflection efficiency
curve.
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bigure 46. 1200 1/mm grating reflection efficiency curve.
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Figure 47. 1800 1/mm grating reflection efficiency curve.
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